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Endogenous Patterns of Activity Are Required for the
Maturation of a Motor Network

Sarah J. Crisp, Jan Felix Evers, and Michael Bate

Department of Zoology, University of Cambridge, Downing Street, Cambridge CB2 3E], United Kingdom

Many parts of the nervous system become active before development is complete, including the embryonic spinal cord. Remarkably,
although the subject has been debated for over a century (Harrison, 1904), it is still unclear whether such activity is required for normal
development of motor circuitry. In Drosophila, embryonic motor output is initially poorly organized, and coordinated crawling-like
behavior gradually emerges over the subsequent phase of development. We show that reversibly blocking synaptic transmission during
this phase severely delays the first appearance of coordinated movements. When we interfere with the pattern of neuronal firing during
this period, coordination is also delayed or blocked. We conclude that there is a period during which endogenous patterns of neuronal
activity are required for the normal development of motor circuits in Drosophila.

Introduction

Most embryos move before they are fully mature, demonstrating
that motor circuits, like many sensory networks, are active before
birth. While in sensory systems there is evidence that this activity
is required to determine final patterns of connectivity (Stafford et
al., 2009), it remains unclear whether there is a requirement for
activity-based modifications during the formation of motor cir-
cuits. Early experiments indicated that a normally functioning
motor network could be assembled without previous activity in
the circuits concerned, suggesting that adequate connectivity can
be successfully defined by an activity-independent system of
growth and connection (Haverkamp, 1986; Haverkamp and Op-
penheim, 1986). In contrast, recent work with central networks
driving limb movements in the mouse shows that there is a de-
velopmental requirement for cholinergic transmission, for the
acquisition of normal flexor/extensor and left/right coordination
(Myers et al., 2005). Here, we use the developing motor system of
Drosophila to show that early patterns of activity in an embryonic
motor network are required for the normal development of co-
ordinated movement.

Drosophila embryos hatch 20.5 h after fertilization and start
crawling by repeated posterior-to-anterior sequences of muscle
contraction (Fig. 1). However, the motor system is active well
before hatching (Crisp et al., 2008). The earliest output of the
motor network occurs 3.5 h before hatching and is revealed by
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repeated episodes of frequent muscle contractions (episodic ac-
tivity). Over the subsequent 75 min, motor sequences within
episodes develop from being disorganized to showing elements of
coordination, including left-right synchrony and sequential ac-
tivation of segmental muscles in neighboring segments. The first
complete posterior-to-anterior sequences of muscle contractions
characteristic of motor output during larval crawling appear 2 h
and 15 min before hatching (15 * 1 min before tracheal filling
[BTE]).

This gradual emergence of coordination might reflect a re-
quirement for early activity for normal maturation and refine-
ment of motor circuitry. Alternatively, activity in the motor
network might start before circuits are complete. If that were the
case, then activity might not be essential, but simply incidental to
further growth and addition of circuit components that are re-
quired before properly coordinated motor output can begin. To
distinguish between these alternatives, we altered the pattern of
activity in the embryonic network by a series of loss- and gain-of-
function experiments.

Materials and Methods

Flies. Flies carrying GFP traps G203 and ZCL2144, UAS-shi*!, UAS-ChR2,
UAS-TNT-G, UAS-TNT-VIF, PO163-GAL4, elav-GAL4, and OK371-GAL4
were recombined and crossed to generate embryos of the following geno-
types: w;G203/ UAS-shi®!, G203;ZCL2144, w;OK371-GAL4, G203/G203;
ZCL2144/UAS-shi*', ZCL2144, elav-GAL4/+;G203;ZCL2144/UAS-shi"",
ZCL2144, w;UAS-TNT-G, G203/G203; ZCL2144/PO163-GAL4, ZCL2144,
w;UAS-TNT-VIF, G203/G203;ZCL2144/PO163-GAL4, ZCL2144, w;UAS-
ChR2/+;UAS-ChR2/PO163-GAL4, elav-GAL4/+;UAS-ChR2/+;UAS-
ChR2/+ and elav-GAL4/+;/UAS-shi"*!, UAS-ChR2/+;UAS-ChR2/+. UAS-
shi"! embryos were raised at 20°C, other embryos at 25°C. Parental flies were
fed yeast paste containing all-trans retinal (100 um) for 2 d before collection
of embryos carrying ChR2. ChR2 embryos were raised in darkness before
experiments.

Imaging. Embryos of either sex carrying muscle markers G203 and
ZCL2144 were placed in water between a gas-permeable membrane (Bio-
Folie, Grenier) and a cover glass. Ventral longitudinal muscle contrac-
tions were visualized by spinning disc confocal microscopy, recorded and
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analyzed as previously described (Crisp et al.,
2008). In other experiments, embryos of either
sex were imaged on an Olympus BX51 WI mi-
croscope (X10 objective) using transmitted
light from below. Images were captured with a
CCD camera, displayed, and recorded in Meta-
Morph (Version 7.0r04), and the resulting im-
ages (TIFF format) converted into movies
(AVI format) using GraphicConverter X (Ver-
sion 5.7.3, Lemke Software GmbH). Denticle
band movements in late embryos [>18.5 h af-
ter egg laying (AEL)] were recorded using a
Leica M420 macroscope, JVC TK-C1380 video
camera and Sony digital videocassette recorder
DSR-309.

Temperature control. Temperature was con-
trolled with a thermoelectric controller (MTTC- B
1410, Melcor) using a thin-film Pt1000 temperature
probe positioned next to the embryo and a sealed
Peltier device in contact with the cover glass. GFP-
tagged muscles could not be imaged before 16.5 h
AFL, and such embryos were temperature-shifted
in an incubator before muscle imaging after return
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Statistics. Data were tested for normality

(Shapiro-Wilk test) and homogeneity (Lev-

ene’s test). Statistical comparisons were made

by ANOVA and Tukey’s HSD post hoc analysis

for multiple comparisons and otherwise by
Student’s ¢ test. Data are reported as mean *

SEM. All statistical tests were performed with R
(R-project). Civ
Results

Time relative to tracheal filling (mins)

Blocking synaptic transmission delays
the onset of coordination

Our first approach was to block synaptic
transmission reversibly as motor circuits de-

veloped by targeting the expression of a
temperature-sensitive, dominant—negative
form of the essential vesicle recycling pro-
tein Shibire (Shi®") to all neurons (elav-
GAL4) (Kitamoto, 2001). Motor output
was monitored before, during, and after
experimental manipulation by recording
contraction/relaxation cycles of specific
muscles.

When synaptic transmission is blocked
in all neurons by holding embryos at the restrictive temperature
(30°C), they show no sign of their usual episodic activity. Epi-
sodic activity resumes (after a delay) when embryos are returned
to room temperature (22°C). When we raise such embryos at
30°C for 2 h, from before activity in motor circuits can be re-
corded until after coordinated crawling-like sequences normally
emerge (105 min BTF to 15 min after tracheal filling [ATF]), the
appearance of coordinated movements is delayed (Fig. 2A). After

Figure 1.

Embryonic motor output. 4, Ventral view of embryo carrying GFP traps expressed at muscle Z-lines. Muscles (VL,
ventral longitudinal muscles; VO, ventral oblique muscles) can be individually identified (Bate, 1993) in abdominal segments
A1-A7. Muscle contractions are recorded by monitoring Z-line displacement. B, Hatched larvae move by peristaltic waves of
contraction, spreading from posterior to anterior. C, The developmental sequence of motor output in the embryo. Before 75 min
BTF, muscle contractions are myogenic, spreading along the right or left side of the embryo (Ci). Neurally driven bursts of uncoor-
dinated contractions begin 75 min BTF (Gii). Subsequent bursts contain partial waves of contraction (Cii, arrowhead). Fifteen
minutes BTF, the first complete sequences of posterior-to-anterior contraction occur (Giv, arrowheads).

return to 22°C (16 = 4 min), the embryos begin to show unco-
ordinated episodic activity, but the first coordinated sequences
only appear after 55 *= 4 min. In comparison, when we block
synaptic transmission in embryos for just 1 h (45 min BTF to 15
min ATF), while the delay in resuming uncoordinated episodic
activity is similar (15 * 4 min), the first coordinated wave of
contraction emerges significantly earlier at 31 = 2 min (p < 0.01).
When we inhibit synaptic transmission after the first coordinated
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Figure 2.  Blocking synaptic transmission delays the onset of coordinated movements. Top
panelsindicate time of heating to 30°C for each experimental group. 4, Time tofirst coordinated
sequence in embryos expressing shi” in all neurons (elav-GAL4;UAS-shi®"; n = 5 in each
group) after return to permissive temperature. B, Time of first coordinated sequence of contrac-

tions in embryos expressing shi*” in all neurons (n = 5 in each group) compared with controls

(n = 5for UAS-shi*" alone; n = 8 for w;6203;2¢L2144). C, Time of first coordinated sequence

in embryos expressing shi’ in mator neurons (n = 5). Data are shown as box-and-whisker

plots; whiskers, smallest and largest observation; box, 1stand 3rd quartile; middle bar, median;
circles, outliers.

movements (TF-60 min ATF), embryos resume crawling-like se-
quences of contraction after 14 = 1 min (within the first episode of
motor output; p < 0.01). These data suggest that a threshold amount
of neuronal activity is needed before coordinated sequences can
emerge. However, once neuronal circuits are set up to produce co-
ordinated output, blocking synaptic transmission does not affect the
resumption of normal function once the block is removed.

Consistent with this idea, the onset of coordinated motor ac-
tivity is only marginally, if at all, delayed (8 = 2 min BTF) when
synaptic transmission is blocked for 1 h before the normal onset
of uncoordinated episodic activity (135-75 min BTF) (Fig. 2B).
However, imposing this synaptic block 15 min later in develop-
ment (120—60 min BTF) so that the first 15 min of episodic
motor activity are suppressed delays coordinated motor output
by ~15 min (1 = 4 min ATF; p < 0.01). Most strikingly, when we
block synaptic transmission for 1 h after the onset of episodic
activity but before the normal onset of coordinated motor output
(90-30 min and 75-15 min BTF), crawling-like sequences are
severely delayed, by ~40 min (22 = 4 min ATF and 25 = 3 min
ATF, respectively; p < 0.01). We conclude that there is a sensitive
period, from the onset of motor output until the first coordinated
sequences emerge, when release of neurotransmitter is required
for the normal development of motor circuits.

The role of sensory input

Next, we asked whether movement itself contributes to the sensitive
phase of development (Fig. 2C). When Shi*' expression is targeted
to motor neurons alone (OK371-GAL4) (Mahr and Aberle, 2006),
as expected, episodic motor activity, as revealed by muscle contrac-
tions, is abolished at 30°C but resumes on return to the permissive
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Figure 3.  Sensory input influences the onset of coordination. Time of first coordinated se-
quence is shown. Two control groups were imaged: (i) embryos carrying UAS-ChR2 but no GAL4
driver, exposed to 488 nm light at 1 Hz, (if) P0763-GAL4;UAS-ChR2 embryos exposed to longer
wavelengths of light of comparable intensity. iii, Experimental embryos with stimulated (488
nm, 1Hz) ChR2 expressed in sensory neurons (n = 7). Insert shows wavelength of light used in
each experiment (black, 488 nm; gray, longer wavelength light).

temperature. However, the absence of neurally driven movement
during the sensitive period has no effect on the subsequent emer-
gence of coordinated sequences, which appear on schedule once the
block is removed (15 = 4 min BTF). We conclude that patterned
sensory input in response to early, immature movement sequences
does not contribute directly to the maturation of central networks
and the beginnings of coordination. This matches the earlier finding
that central pattern-generating circuits underlying larval crawling
can assemble in the complete absence of sensory input during em-
bryonic development (Suster and Bate, 2002).

We have previously reported that in embryos lacking all sen-
sory input, motor episodes are less frequent, and the onset of
coordinated sequences is delayed by ~1 h, compared with con-
trols (Crisp et al., 2008). This reduction in episode frequency
suggests that in normal embryos input from sensory neurons
contributes to levels of excitation centrally, which in turn deter-
mine the interval between episodes and hence the length of time
before coordination first appears. To test this idea further, we
targeted expression of the light-activated cation channel ChR2
(Boyden et al., 2005; Schroll et al., 2006) to sensory neurons
(PO163-GAL4) (Hummel et al., 2000), and stimulated with 20
ms pulses of 488 nm light at 1 Hz to increase firing in sensory
neurons. Episodic motor activity begins on schedule in embryos
with enhanced sensory activity, just as it does in embryos lacking
all sensory input (Crisp et al., 2008) (91 = 3 min BTF; 89 * 3 min
BTF in controls, not significant). However, episodes are now
more frequent (11 = 4 min episode interval compared with 14 =
6 min in controls; p < 0.01) and coordinated sequences begin 12
min earlier (27 = 1 min BTF; p < 0.01) than in controls (Fig. 3).

From these experiments, we conclude that input from sensory
neurons influences the frequency of episodes generated by the im-
mature motor network. Furthermore, when the frequency is in-
creased, the onset of coordination is brought forward, and when the
frequency declines, the onset of coordination is delayed. This pro-
vides independent evidence for our conclusion that activity is essen-
tial for the normal maturation of the motor network and for the view
that a threshold level of activity must have occurred before coordi-
nation can emerge.

Abnormal patterns of activity delay the onset of

coordinated movement

In the vertebrate visual system, neural activity itself is not suffi-
cient to adjust forming connections; it is the pattern of activity
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Figure 4.  Stimulation during the sensitive period delays or prevents the onset of coordi-

nated movements. A, Two control groups were imaged: (i) UAS-ChR2, no GAL4 driver (n = 6),
(ii) elav-GAL4;UAS-ChR2 long wavelength light. Stimulation before (iii) the sensitive period has
no effect. iv, Two of 8 embryos stimulated during the sensitive period showed no coordinated
sequences and did not hatch. The remaining 6 embryos displayed severely delayed onset of
coordinated muscle contraction. v, Embryos execute coordinated sequences throughout stim-
ulation after the sensitive period (TF-60 min ATF). B, UAS-ChR2 and UAS-shi**" in all neurons.
Embryos were (i) stimulated with 488 nm light, (if) held at restrictive temperature, or (iii)
received 488 nm stimulus at restrictive temperature 90 —30 min BTF (n = 7).

that determines whether particular connections will be retained
or withdrawn. Either the absence of activity or the simultaneous
activation of all neurons (for example, by stroboscopic illumina-
tion [Schmidt and Buzzard, 1993; Brickley et al., 1998]) leads to
the formation of a poorly organized visual map. While the data
we have presented so far all point to a requirement for early
activity in the normal development of motor circuitry, it is un-
clear whether this is a requirement for activity itself or whether
the pattern of activity that precedes coordination is important for
the final maturation of the motor network.

To distinguish between these alternatives, we superimposed a
correlated pattern of activity across the developing nervous sys-
tem. Embryos expressing ChR2 in all neurons (elav-Gal4;UAS-
ChR2) were subjected to 1 h of stimulation using 20 ms light
pulses at 1 Hz as before. Embryonic movements were recorded
during stimulation and for up to 4 h afterward. We varied the
period of stimulation so that neurons were excited either before
(150—90 min BTF), during (90-30 BTF), or after (TF-60 min
ATF) the sensitive period identified by blocking synaptic trans-
mission. When neurons are excited synchronously during the
sensitive period for 1 h, there is a profound effect on the devel-
opment of motor output in every case. In 6 of 8 embryos, the first
appearance of coordinated movements was severely delayed
(78 = 10 min ATF; p < 0.01) (Fig. 4). Nonetheless, these embryos
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Figure5.  Timeline of motor system development in Drosophila. Summary diagram showing
sequence of electrical (Baines and Bate, 1998), morphological (Tripodi et al., 2008), and behav-
ioral development (Crisp et al., 2008). Times are relative to tracheal filling (TF = 0). NT, neu-
rotransmitter. Vertical bars indicate episodic activity in the motor system as revealed by muscle
contractions.

hatched and crawled on agar plates. However, 2 of the 8 experimen-
tal embryos never produced coordinated peristaltic waves and failed
to hatch. These effects are only seen when stimulation occurs during
the sensitive period of development, when the onset of coordination
can be delayed by blocking activity in the network. Since synchro-
nized stimulation is as effective in delaying or preventing the onset of
coordination as blocking activity, we conclude that patterned activa-
tion of neurons is required during this developmental window for
the normal appearance of coordinated output.

If circuit development is impeded by altering normal patterns of
synaptic transmission between neurons, it should be possible to res-
cue these detrimental effects by blocking synaptic transmission dur-
ing the period of stimulation. To do this, we made flies expressing
both ChR2 and Shi* in all neurons and then held embryos at the
restrictive temperature while stimulating with 488 nm light during
the sensitive period. When these embryos receive the light stimulus
alone, there is the expected long delay in the onset of coordinated
movement (59 = 6 min ATF). When synaptic transmission alone is
blocked, coordinated movement is delayed less (31 = 3 min ATF;
p < 0.01). When the two manipulations are combined, coordinated
movement is no more delayed than when synaptic transmission is
blocked alone (32 = 3 min ATF). Thus, the extended delay associ-
ated with light stimulation fails to occur if synaptic transmission is
blocked. We conclude that disruption to normal development of
motor coordination associated with correlated activation of the
whole network is driven, at least in part, by abnormal patterns of
synaptic signaling.

Discussion

Many parts of the nervous system become active before develop-
ment is complete (Blankenship and Feller, 2010). Characteristi-
cally, this activity is episodic, and it could be that the repetitive
firing of ensembles of developing neurons is a trivial consequence
of their progressive acquisition of excitable properties and the
development of connections between them. In vertebrates, how-
ever, there is considerable evidence that neuronal activity during
development, both spontaneous and driven by environmental
stimuli, contributes to the normal maturation of sensory systems.
During this phase of tuning and modification, maps are refined,
resolution increases, patterns of terminal segregation and cocon-
nection are determined, and circuitry is adjusted to meet change
imposed by differential patterns of growth (Kobayashi et al., 1990;
Kaethner and Stuermer, 1994; Gnuegge et al., 2001; McLaughlin et
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al., 2003; Sanes et al., 2006). It might be thought that the functional
characteristics of motor systems, which are networks capable of or-
chestrating the coordinated firing of multiple outputs underlying
patterned movement, would also require tuning and adjustment
in the final stages of their maturation. Indeed, the widespread
occurrence of early activity in motor networks including the spi-
nal cord is a tantalizing hint that this is indeed the case
(Landmesser and O’Donovan, 1984; van Mier et al., 1989; Reyn-
olds et al., 1998; Saint-Amant and Drapeau, 1998; Clarac et al.,
2004). However, there is an essential difference between the spa-
tial organization of sensory and motor systems, namely that sen-
sory systems are commonly organized to form maps, whereas
motor networks consist of distributed elements linked to form
circuits that have no obvious morphological correlate (Boyden et
al., 2005; Sanes et al., 2006; Goulding, 2009; Roberts et al., 2010).
This organizational difference has hampered investigation and
raises the issue of whether in fact there is a requirement in such a
distributed system for an analogous process of refinement as the
network matures and becomes functional.

Drosophila is well known for its rapid development and for the
relatively small number of supposedly stereotyped neurons that
compose its nervous system. It seemed likely, therefore, that if an
activity-independent system of growth and connection were suf-
ficient to wire a motor network capable of generating coordi-
nated outputs, the Drosophila embryo would demonstrate this.
However, our investigation reveals something very different: the
first outputs of the embryonic motor system are poorly orga-
nized, coordinated outputs only appear after a further hour of
episodic bursting, and this activity appears to be essential for the
normal development of the motor network (Fig. 5).

Even in the simpler nervous systems of arthropods, like Drosoph-
ila, there is abundant evidence that connectivity and physiological
characteristics of constituent neurons depend on developmental
processes that are exploratory and plastic rather than prepro-
grammed and specific. Branching patterns between equivalent neu-
rons in isogenic arthropods (Levinthal et al., 1976) and equivalent
neurons on left and right sides of the same animal (Burrows, 1973;
Goodman, 1978) differ considerably. Since these branches are the
sites of synaptic contacts (Pearson and Goodman, 1979), we may
conclude that there are different growth solutions to generating
the same functional connectivity. Thus, final patterns of growth
and connection appear to be subject to some homeostatic control
that detects and stabilizes a functionally adequate pattern of con-
nections when it is achieved. Indeed, we now have evidence that
the growth of dendritic arborizations in embryonic motor neu-
rons in Drosophila is homeostatically regulated, in part by trans-
mitter release from their presynaptic partners as the developing
nervous system first becomes active (Tripodi et al., 2008) (Fig. 5).
In a similar way, it has become clear both from experimental
observations and from modeling studies that various different
combinations of ionic conductance densities can generate the
same excitable characteristics in equivalent neurons in different
individuals (Golowasch et al., 1999; Soto-Trevino et al., 2001;
Prinz et al., 2004). It seems, therefore, that actual levels of excit-
ability are set as neurons explore alternative combinations of ion
channel expression until some target level of activity is achieved.
Actual levels of activity for individual neurons will depend both
on their intrinsic ion channel mix and the levels of synaptic input
they experience, and in Drosophila, it has been shown that central
neurons adjust their intrinsic excitability in response to actual
levels of synaptic excitation received (Baines et al., 2001; Baines,
2003). Although these experiments were performed in part with
larval neurons, it is likely that these mechanisms for activity-
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dependent adjustment will operate as the electrical properties of
neurons mature and they and their synaptic partners become
active for the first time. Thus, both connectivity and excitability
are likely to be responsive to early network activity. Our results
show that there is indeed a sensitive period in the development of
motor coordination which coincides with the very first bursts of
activity that are generated in the motor circuitry as synapses form
and the network matures (Fig. 5).

Recent work in vertebrate motor systems has shown that al-
tering levels of activity during early development disrupts neu-
rotransmitter specification (Borodinsky et al., 2004) and axonal
pathfinding (Kastanenka and Landmesser, 2010). Here, we spec-
ulate that endogenous patterns of synaptic transmission in the
embryonic nervous system of Drosophila form part of a general
mechanism whereby functional characteristics of immature mo-
tor networks are modified and adjusted to allow for the normal
development of coordinated patterns of movement. Precisely
how individual neurons in a developing network extract infor-
mation from patterns of activity and translate it into structural or
functional changes can now be investigated. The developing mo-
tor circuitry of Drosophila, with its relative simplicity, provides a
unique opportunity to reveal the mechanisms of activity-
dependent modifications occurring at the level of individual syn-
apses between identified neurons and importantly to relate them
to the behavioral outcome.
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